Practically all animals are affected by humans, especially in urban areas. Although most species respond negatively to urbanization, some thrive in human-dominated settings. A central question in urban ecology is why some species adapt well to the presence of humans and others do not. We show that Northern Mockingbirds (Mimus polyglottos) nesting on the campus of a large university rapidly learn to assess the level of threat posed by different humans, and to respond accordingly. In a controlled experiment, we found that as the same human approached and threatened a nest on 4 successive days, mockingbirds flushed from their nest at increasingly greater distances from that human. A different human approaching and threatening the nest identically on the fifth day elicited the same response as the first human on the first day. Likewise, alarm calls and attack flights increased from days 1-4 with the first human, and decreased on day 5 with the second human. These results demonstrate a remarkable ability of a passerine bird to distinguish one human from thousands of others. Also, mockingbirds learned to identify individual humans extraordinarily quickly: after only 2 30-s exposures of the human at the nest. More generally, the varying responses of mockingbirds to intruders suggests behavioral flexibility and a keen awareness of different levels of threat posed by individuals of another species: traits that may predispose mockingbirds and other species of urban wildlife to successful exploitation of human-dominated environments.
M
ore than half of the world's human population lives in urban environments (1) . Both the proportion and total number of humans in cities are expected to grow, increasingly impacting wildlife (2) (3) (4) (5) (6) . It is often obvious why some nondomesticated species are negatively affected by urbanization (e.g., habitat destruction) (5, 7) . Much more puzzling is how other species have been able to adjust to the presence of humans and become ''urban exploiters'' (3, 5, 8) . Among birds, behavioral flexibility and innovation are hypothesized predictors of success in urban environments (5, 7, 9) . Such hypotheses are notoriously difficult to test with controlled experiments.
Nesting behavior provides an opportunity to test reactions of birds to humans in an unusually standardized manner. Nest predation is especially important, because eggs and nestlings are highly vulnerable; for passerine species, most mortality occurs in the nest (10, 11) . Also, defense behavior is costly, because it entails risks to the parents, detracts from their foraging time, and draws attention to the nest (12) . Therefore, the ability of a species to recognize and respond appropriately to different types of nest predators in a new environment may help explain why some species are able to successfully reproduce among humans and others are not. We experimentally tested the hypothesis that Northern Mockingbirds, an abundant species in urban settings of eastern North America, can quickly learn to distinguish individual humans who approach their nest, and that they respond sooner and more aggressively as perceived risk by humans to their nest increases.
One human (hereafter ''intruder'') approached an incubating mockingbird on the University of Florida campus (Gainesville, FL) on 4 consecutive days, standing within 1 m of the nest for 30 s each day, and placing his/her hand on the rim of the nest for half of that time. On the fifth day, a different intruder (a control) approached and stood by the nest exactly the same way. We recorded the distance the intruder was from the nest when the bird flushed, the number of alarm calls, and the number of attack flights at the intruder. We repeated this set of trials for 24 nests, involving a total of 10 intruders who varied their appearance from day to day (i.e., wore different clothes). To quantify each bird's typical exposure to humans, we also recorded the number of pedestrians that passed within 5 m of the nest during 1 5-min period on each of 5 days.
Results
Mockingbirds flushed from the nest at progressively greater distances when approached by the same intruder on consecutive days (Fig. 1A) . Flush distance was significantly greater on days 3 and 4 than on day 1, increasing on average 320% over 4 days (t 92 ϭ 3.2 and 5.7, respectively; P Ͻ 0.002). Importantly, flush distance for the control intruder on day 5 did not differ from flush distance for the first intruder on day 1, when he or she was also unknown to the incubating bird (t 92 ϭ Ϫ0.6; P ϭ 0.53). Number of alarm calls showed an identical pattern (Fig. 1B) ; mockingbirds reacted more strongly to repeated visits by the first intruder, and showed relatively little response to the second intruder (t 89 ϭ 2.0 and 2.3 for days 3 vs. 1, and 4 vs. 1, respectively; P Ͻ 0.04; and t 89 ϭ Ϫ0.10 for days 5 vs. 1; P ϭ 0.91). Last, mockingbirds attacked significantly more frequently on day 4 than day 1 (t 38 ϭ 3.6; P ϭ 0.001), but no more frequently on day 5 (control intruder) than day 1 (t 38 ϭ 0.5; P ϭ 0.61).
Mockingbirds nesting in busier areas of campus, for example, by sidewalks, showed greater overall tolerance to humans. Averaging across days, the number of pedestrians walking within 5 m of a nest was negatively correlated with flush distance ( 
Discussion
These results support our hypothesis; mockingbirds quickly learned to recognize humans who approached their nest, increasing their response intensity as the same human visited on sequential days. Individual recognition is common within spe- This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: dlevey@ufl.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0811422106/DCSupplemental. cies, and has been extensively studied through controlled experiments (13) . However, reports of one species recognizing different individuals of another species are much rarer and generally restricted to social mammals (14-16) and livestock (17) .
In birds, previous studies of interspecific recognition of different individuals are anecdotal and/or restricted to laboratory settings that lack ecological relevance (e.g., pigeons in boxes, pecking at projected images) (18) (19) (20) . Likewise, honey bees can learn to forage preferentially under photographs of particular human faces that are associated with rewards (21), demonstrating the ability of bees to distinguish between two-dimensional, stationary images of faces, but not resolving whether they can learn to distinguish between actual humans. The primary strengths of our study are that it was done on wild birds and used an experimental approach to measure a behavior directly linked to fitness (12) . Also, it used a far more challenging task than typical of recognition studies. Birds were not required to distinguish among a few individuals or images, but rather between one individual and thousands of others, all of whom were potential threats and varied in daily appearance.
Interpreting results of experiments on individual recognition is controversial because of semantic disagreements, ecologically or evolutionarily irrelevant methodology, and the difficulty of knowing how animals process stimuli (14, (22) (23) (24) . Although cognition is often inferred, it remains unclear how, for example, a honey bee's preference for nectar under a photograph of a human face reflects underlying intelligence (25, 26) . Assuming that mockingbirds' ability to quickly recognize individual humans in a complex and novel environment somehow reflects cognition, it is surprising to find such an ability in a small passerine; it would be most likely predicted in parrots and corvids (crows and ravens) because of their ''cognitive superiority [over] other birds'' (27) .
More surprising, mockingbirds learned to recognize intruders extraordinarily quickly, displaying a significant change in response after only 2 trials, representing a total of 60 s of intruder exposure at the nest. In contrast, practically all studies in which animals learn in an experimental context to identify and classify other individuals of the same or other species require training periods that are longer by 2-4 orders of magnitude.
We note that mockingbirds showed a graded response to the first intruder, gradually increasing f lush distance, alarm calls, and attack frequency over 4 days. The lack of difference in response to intruders on days 1 and 5 rules out the possibility that this change in response over the first 4 days was caused by sensitization to intruders in general. These patterns suggest that mockingbirds not only learned to recognize the first intruder, but weighed costs and benefits of nest defense differently as that intruder became an apparently greater threat (28) . Likewise, because mockingbirds show absolutely no reaction to the vast majority of humans who approach within 5 m of their nest, their response to the first intruder indicates an ability to make fine-scale assessments about perceived risk, and to exhibit the strongest antipredator response during brief and infrequent episodes of high risk, as predicted by theory (29) . Alternatively, their increased response to known intruders may simply ref lect reinforcement; success in driving away a potential predator on one day subsequently increased the behavior that presumably caused that success (30). Last, our results address a paradox of urban ecology. Urban birds enjoy generally high nesting success, even though urban environments are characterized by large populations of nest predators (31) . We hypothesize that urban species may be especially perceptive about the behavior of potential nest predators and be unusually effective in responding to their presence. However, we do not believe that mockingbirds evolved a specific ability to distinguish among humans. Rather, we suggest that mockingbirds' perceptive ability and rapid learning predispose them to success in novel environments. For example, transitioning from a natural habitat to an urban habitat entails learning to recognize and properly respond to a different set of nest predators, some immensely threatening and others (like humans) relatively unthreatening (3) . Given that mockingbirds can quickly learn to recognize the same human, dressed differently and approaching from different directions, it is likely that they can learn to distinguish among, for example, different cats or other urban-associated predators. Such an ability would be ecologically relevant because individual predators likely vary in their degree of threat, and it would be advantageous to vary one's response in proportion to that degree of threat.
Days
In conclusion, urban species commonly habituate to the presence of humans. During a 23-day nesting period, a typical mockingbird at our study site experiences Ϸ15,000 instances of a human walking within 5 m of its nest; the vast majority elicit no response (Movie S1). Mockingbirds' ability to rapidly learn and respond to different levels of threat posed by one particular human and to maintain habituation to all other humans demonstrates a previously unsuspected keen level of awareness about the human element of urban environments.
Materials and Methods
Description of Trials. We located mockingbird nests with newly completed clutches, and identified 2 or 3 lines of approach to each nest that provided the incubating bird a clear view of the intruder. Nests and approaches were usually along sidewalks, paths, small roads, or parking lots. Because only females incubate (32), we could be assured that the same bird viewed and responded to the intruder each day. Ten humans worked in teams of 2, which varied from nest to nest. On the first day of a trial, one approach path was chosen at random. Likewise, a coin flip determined which human would be the intruder and which would record the trial with a video camera. The person recording the trial stayed Ͼ30 m from the nest and hidden as much as possible. The intruder started 30 m from the nest and walked directly toward it at a rate of 1 m/s. Once at the nest, he/she stood still for 15 s, placed a hand on the rim of the nest or reached upwards toward the nest for 15 s, and then walked away on the same path and at the same rate used for the approach. Thus, the total time of a trial was 90 s. Trials were repeated once per day for the next 4 days, with approach paths alternating when there were 2 paths and chosen at random from those least used on previous trials when there were 3. The intruder on the fifth day was the person who had recorded the previous trials or someone else; in either case, he/she had not previously approached the nest.
When the intruder observed the female leaving the nest, he/she signaled with a subtle wave of the hand, allowing us to accurately determine flush distance by reviewing the video recording of the trial. Because we were unable to assign alarm calls and attacks to males and females, we tallied the total number of each per trial. Alarm calls were loud and of short duration, with a wide bandwidth (32) . An attack was defined as a swooping flight within 1 m of the intruder; attacks often resulted in direct contact with the intruder.
To estimate the number of humans who walk near mockingbird nests, we counted the number of pedestrians passing within 5 m of each nest during 1 5-min period on each of 5 days. Days and times were haphazardly chosen, but were always during daylight, occurred during the nesting season, and included weekends.
Physical Appearance of Intruders. We did not use masks or standardize appearance of intruders in any other way, because we wanted to mimic natural conditions and were more interested in documenting individual recognition than in deciphering potential cues used by the birds. We emphasize that the 10 intruders in the study were representative of the full range of humans on university campuses, including males and females of widely varying age, physique, skin color, and hair amount, type, and style. Also, because all intruders wore what they would have normally worn on a given day, colors and styles of clothes varied widely, spanning the spectrum typically seen by mockingbirds in urban environments.
Statistical Methods. We analyzed bird response to predators with a mixedmodel approach, treating day and number of pedestrians as fixed effects, and individual bird and day as random effects. The aim of our analysis was to examine the magnitude of each response (alarm calls, attacks, and flush distance) over the length of the experiment, and to statistically compare the first day of the experiment, when the first intruder was unknown, with the following 4 days. Estimating the random variation among individual birds allows us to extrapolate our results to other unmeasured populations; whereas including day as a random effect accounts for temporal autocorrelation by removing any general trend in response across the 5 days of experimentation. Our response variables included both count (number of alarm calls and attacks) and continuous data (flush distance), and therefore, we analyzed them as generalized linear mixed models (GLMMs) or linear mixed models (LMMs), following recommendations by Bolker et al. (33) . All statistical analyses were performed in R 2.7.2 (34) .
We first modeled the number of alarm calls with a Poisson model (log-link) by using Laplace approximation to estimate parameters (glmer in lme4 package). The residuals indicated overdispersion (the variance of the counts were significantly greater than the mean) so we refitted the data with a quasiPoisson model (log-link) with Laplace approximation. Because the glmer function does not calculate P values on fixed effects, we assessed statistical significance of the fixed effects by comparing the frequency with which t statistics from simulated data were greater than the observed t statistic. We did this comparison by fitting the null model (e.g., model with no fixed effects) to the data, simulating new response values from the null model 1,000 times, each time fitting the full model to the simulated data and extracting the t statistic for each parameter. We then calculated P values for each parameter from the null distribution of the simulated statistics (e.g., the frequency with which ͉t obs͉ Ͻ ͉ tsim͉).
We modeled flush distance by using maximum likelihood estimation (lme function in nlme package) to derive precise estimates of the fixed effects. Examination of residuals indicated that a normal error distribution was appropriate.
We used a conditional analysis for attacks, because the data were zeroinflated. We modeled the number of attacks, given an attack occurred, by using a quasi-Poisson distribution and log-link.
Animal Use. Our experimental protocol was reviewed and approved by University of Florida Institutional Animal Care and Use Committee (protocol D884-2007).
